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Abstract 
This paper presents a method for controlling the blood glucose and free fatty acid (FFA) of body in type 1 diabetes patients in 
order to obtain the appropriate value in case of insulin limited. First, the nonlinear system of blood glucose and free fatty acid 
model can be explained by using a model of Takagi-Sugeno (TS) fuzzy. The controller for this system under sufficient condition 
is given based on a linear matrix inequality (LMI) and H∞ control approach. Finally, the simulation results demonstrate the 
effectiveness of this controller design. According to the results, it has been presented that this proposed work could be well used 
with the diabetic patients and other related diseases. 
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1. Introduction 
Diabetes Mellitus (DM) is a kind of the diseases in which the body cannot produce and respond to insulin 
requirement of body adequately. The diabetes patients are certainly in high blood glucose level which is known as 
hyperglycemia. When the high level of glucoses exists in our bloodstream for a long time, it is dangerous and may 
cause other complications. However, if the level of blood glucose is too low, the patients can be in coma situation. 
So far, there have been many researchers studied and modeled to understand the system of the blood glucose [1]. 
The amount of glucose and insulin are the main roles that the researchers have played the attentions. However, some 
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researchers have found that there are other factors which can affect the system body such as free fatty acids (FFA) 
[2]. The human body can convert sugar to starch within the body and make glucose stay in the bloodstream. In 
addition, the amount of fatty acid can possibly cause the high blood glucose level as well. Most diabetes therapies 
can be done by injecting the insulin in order to control the amount of glucose in bloodstream. 
 
 
 
 
 
Fig. 1. Block diagram of the closed-loop control system of the blood glucose and FFA regulation in diabetes patient. 
The block diagram of closed-loop control system of the blood glucose and FFA regulation in diabetes patient is 
shown in Figure 1. The closed-loop control system will act as the pancreas of normal body while the controller will 
control the blood glucose and FFA in the proper level close to normal person after dinning. 
The objective of this research work is to present a method that can control both the blood glucose and FFA in the 
human body so that the acceptable levels can be reached in case of insulin limited instead. First, we descript the 
nonlinear system of blood glucose and free fatty acid model by using the model of Takagi-Sugeno (TS) fuzzy [3-4]. 
Then, a set of sufficient conditions of the proposed controller for this system will be obtained via a linear matrix 
inequality (LMI) approach, and H∞ control approach [3-4]. Finally, the simulation results will demonstrate the 
effectiveness of this controller design for the blood glucose and free fatty acid (FFA) of body in type 1 diabetes 
patients. 
2. Modeling of insulin, glucose and free fatty acid 
The equation of insulin, glucose and FFA dynamics are [2]: 
 
ݔଵሶ ሺݐሻ ൌ െ݊ݔଵሺݐሻ ൅ ͲǤͳݓଵሺݐሻ ൅ ߩହ ଵܷሺݐሻ 
ݔଶሶ ሺݐሻ ൌ െߩଶݔଶሺݐሻ ൅ ߩଷݔଵሺݐሻ ൅ ͲǤͳݓଶሺݐሻ 
ݔଷሶ ሺݐሻ ൌ െߩிଶݔଷሺݐሻ ൅ ߩிଷݔଵሺݐሻ ൅ ͲǤͳݓଷሺݐሻ 
ݔସሶ ሺݐሻ ൌ െߩଵݔସሺݐሻ െ ߩସݔଶሺݐሻݔସሺݐሻ ൅ ߩ଺ݔସሺݐሻݔ଺ሺݐሻ ൅ ͲǤͳݓସሺݐሻ ൅ ௎మሺ௧ሻ௏௢௟ಸ                  (1) 
ݔହሶ ሺݐሻ ൌ െߩ଻ݔହሺݐሻ െ ߩ଼ݔଷሺݐሻݔହሺݐሻ ൅ ߩଽݔହሺݐሻݔସሺݐሻ ൅ ͲǤͳݓହሺݐሻ ൅ ௎యሺ௧ሻ௏௢௟ಷ 
ݔ଺ሶ ሺݐሻ ൌ െߩଵ଴ݔ଺ሺݐሻ ൅ ߩଵଵݔହሺݐሻ ൅ ͲǤͳݓ଺ሺݐሻ 
ݖሺݐሻ ൌ ݔସሺݐሻ ൅ ݔହሺݐሻ 
 
where x1(t) = I(t) is plasma insulin (μU/ml), x2(t) = X(t) is the first interstitial insulin (μU/ml), x3(t) = Y(t) is the 
second interstitial insulin (μU/ml), x4(t) = G(t) is the plasma glucose (mg/dl), x5(t) = F(t) is plasma FFA (μmol/l), 
x6(t) = Z(t) is the interstitial FFA (μmol/l), U1 is the exogenous insulin infusion (μU/ml), U2 and U3 are the control 
input which are the dietary absorption or external infusion of glucose and FFA (g/min) respectively, VolG and VolF 
are the distribution space of glucose (dl) and FFA (l) respectively, Ib, Xb, Yb, Gb, Fb and Zb are the base value and ρ1-
ρ11 and ρF2-ρF3 are the parameters for type 1 diabetic, ݓଵሺݐሻǥݓ଺ሺݐሻ are the input disturbance of system, and ݖሺݐሻ is 
the regulated output. 
3. Nonlinear fuzzy model 
In this section the fuzzy system model is used to describe the part of nonlinear systems: 
Plant Rule i:   IF  x1(t) is Mi1 and … and xv(t) is Miv 
  THEN  ݔሶሺݐሻ ൌ ܣ௜ݔሺݐሻ ൅ ܤ௪ݓሺݐሻ ൅ ܤ௜ݑሺݐሻ,  ݖሺݐሻ ൌ ܥ௜ݔሺݐሻ ൅ ܤ௪ݓሺݐሻ    (2) 
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where i = 1, 2, …,r, Mij (j=1, 2, … v) is the fuzzy set x(t)ԖԸis the state vector, u(t) ϵ Ը is the input, w(t) ϵ Ը is 
the input disturbance, z(t) ϵ Ը is the regulated output, the matrices Ai, Bi, Bw, and C are of appropriate dimension 
and r is the number of IF-THEN rules. 
The TS fuzzy model is inferred as follows: 
 
ݔሶሺݐሻ ൌ σ ݄௜൫ݔሺݐሻ൯ሾܣ௜ݔሺݐሻ ൅ ܤ௜ݑሺݐሻሿ ൅ ܤ௪ݓሺݐሻ௥௜ୀଵ         (3) 
ݖሺݐሻ ൌ ܥݔሺݐሻ ൅ ܤ௪ݓሺݐሻ           (4) 
 
where ߱௜൫ݔሺݐሻ൯ ൌ ς ܯ௜௝ ቀݔ௝ሺݐሻቁ௩௝ ,     ݄௜ሺݔሺݐሻሻ ൌ ఠ೔൫௫ሺ௧ሻ൯σ ఠ೔ೝ೔సభ ൫௫ሺ௧ሻ൯     for all t. 
 
The term Mij (xj(t)) is the grade of membership of xj(t) in Mij. It is supposed in this paper that σ ߱௜௥௜ୀଵ ൫ݔሺݐሻ൯ ൐ Ͳ ; 
߱௜൫ݔሺݐሻ൯ ൒ Ͳ, i = 1, 2, …, r, we have σ ݄௜൫ݔሺݐሻ൯ ൌ ͳ௥௜ୀଵ  ; ݄௜൫ݔሺݐሻ൯ ൒ Ͳ, i = 1, 2, …, r for all t. 
For the convenience, we use hi(x(t)) = hi(x) for the rest of the paper. Let us recall the definition as the below. 
Definition 1: Assuming that γ is a positive real number. The system of from (3) – (4) is remarked to have ࣦଶ gain 
less than or equal to γ if 
 
׬ ݖ்ሺݐሻݖሺݐሻ݀ݐ ൑ ߛଶ ቂ׬ ݓ்ሺݐሻݓሺݐሻ݀ݐ்೑଴ ቃ ǡ ݔሺͲሻ ൌ Ͳ
்೑
଴                     (5) 
 
For all Tf ≥ 0 and ࣦଶ = [0, Tf]. 
4. H∞ fuzzy controller for insulin, glucose and free fatty acid dynamics 
The system (3) – (4) is designed a H∞ fuzzy state feedback controller of this form: 
 
ݑሺݐሻ ൌ σ ௝݄ܭ௝ݔሺݐሻ௥௝ୀଵ                        (6) 
 
where Kj is the gain of controller, such that the inequality (5) holds. The state space form of the fuzzy system model 
(3) – (4) and the controller (6) can be rewritten as 
 
ݔሶሺݐሻ ൌ σ σ ݄௜ሺݔሻ௥௝ୀଵ ௝݄ሺݔሻൣܣ௜ݔሺݐሻ ൅ ܤ௜ܭ௝൧ݔሺݐሻ௥௜ୀଵ ൅ ܤ௪ݓሺݐሻ                   (7) 
ݖሺݐሻ ൌ σ ௝݄ሺݔሻ௥௝ୀଵ ൣܥ ൅ ܦܭ௝൧ݔሺݐሻ                      (8) 
 
The LMI approach will be used to analyze the stability to fuzzy controller of the above system. 
Theorem 1: Given the system (7) – (8), the inequality (5) holds if there exists a positive definite symmetric matrix P 
satisfying the conditions below 
 
ܲ ൐ Ͳ                         (9) 
 
ቌ
ܲܣ௜ ൅ ܣ௜் ܲ ൅ ௜ܻܤ ൅ ܤ் ௜்ܻ ܤ௪ ܥ்ܲ ൅ ܦ் ௜்ܻ
ܤ௪் െߛܫ Ͳ
ܲܥ ൅ ௜ܻܦ Ͳ െߛܫ
ቍ ൏ 0                    (10)  
 
Moreover, the fuzzy controller is ݑሺݐሻ ൌ σ ௝݄ܭ௝ݔሺݐሻ௥௝ୀଵ  where ܭ௝ ൌ ௝ܻܲିଵ. 
 
Proof: The detail of proof is omitted for brevity. 
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5. Simulation results 
From (1) the plant of nonlinear system can be approximated by the rules of TS fuzzy. Then, using the LMI 
optimization algorithm and Theorem 1 with defining γ = 1, we will get the results as follows 
 
 
 
 
 
 
 
Fig. 2. Left: Glucose concentration with 1 meal. Right: FFA concentration with 1 meal 
 
 
 
 
 
Fig. 3. Left: Glucose concentration with 3 meals. Right: FFA concentration with 3 meals. 
Figure 2 and Figure 3 are shown that the TS fuzzy controller can control the peak value of blood glucose and 
FFA level which is better than other controllers in both situations; i.e., one meal and three meals. The proposed 
controller can reduce the blood glucose and FFA level within reasonable range. By the evidences from the case of 
three meals, the TS fuzzy controller can obviously control the blood glucose and FFA level. Although the other 
controllers based on the different approaches, can also control the blood glucose and FFA level, the result is not 
good as the proposed technique in this paper. 
6. Conclusion 
The proposed controller can control the peak value of the blood glucose and FFA so that the level of the blood 
glucose and FFA are not too high in the case of insulin limited. In addition, the proposed controller can control the 
amount of glucose and FFA being within the normal range in a short period of time by which a number of glucoses 
are between 70-110 mg/dl and FFA are 150-450 μmol/l respectively.  The results can confirm that this proposed 
method is one of the better effective ways to control the blood glucose and FFA level in type 1 diabetes patients to 
appropriate value. In summary, the benefits of this proposed control approach are:  (1) to reduce the amount of using 
insulin in the patients (2) to solve the problem of lack of medicine or to forget to take a medicine of patients. 
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